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ABSTRACT
Precise measurements of the time-dependent intensity of the low energy (< 50 GeV) galactic cosmic rays are
fundamental to test and improve the models which describe their propagation inside the heliosphere. Especially,
data spanning different solar activity periods, i.e. from minimum to maximum, are needed to achieve comprehensive
understanding of such physical phenomenon. The minimum phase between the 23rd and the 24th solar cycles was
peculiarly long, extending up to the beginning of 2010 and followed by the maximum phase, reached during early
2014. In this paper, we present proton differential spectra measured from January 2010 to February 2014 by the
PAMELA experiment. For the first time the galactic cosmic ray proton intensity was studied over a wide energy range
(0.08-50 GeV) by a single apparatus from a minimum to a maximum period of solar activity. The large statistics
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allowed the time variation to be investigated on a nearly monthly basis. Data were compared and interpreted in
the context of a state-of-the-art three-dimensional model describing the galactic cosmic rays propagation through the
heliosphere.
Keywords: astroparticle physics – Sun:heliosphere – cosmic rays
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INTRODUCTION
The energy spectra of galactic cosmic rays (GCRs), measured at Earth, are significantly influenced by the Sun’s
activity. Traversing the heliosphere, GCRs interact with the expanding solar wind and its embedded turbulent magnetic
field, undergoing convection, diffusion, adiabatic energy losses and particle drifts because of the global curvature and
gradients of the heliospheric magnetic field. As a consequence, the intensity of GCRs at Earth decreases with respect to
the GCR energy spectrum outside the heliosphere, Local Interstellar Spectrum (LIS). This solar modulation has large
effects on low energy cosmic rays (less than a few GeVs), while the effects gradually subside as the energy increases,
becoming negligible above a few tens of GeV (e.g. Strauss & Potgieter (2014a)). This modulation mechanism depends
on the particle species, their charge and energy per nucleon (or rigidity) and it changes with time, determined by solar
activity e.g. following the 11-year cycle and the 22-year magnetic polarity cycle (see also e.g. Potgieter (2013)).
Precise measurements of GCR spectra, at different phases of the solar cycle, are essential to understand the various
processes affecting the propagation of cosmic rays in the heliosphere (e.g. see Adriani et al. (2017); Bindi et al. (2017)).
Since the 1950s the variability of the galactic cosmic-ray flux has been constantly monitored by a network of ground-
based neutron monitors (e.g. see Moraal et al. (2000); Shea & Smart (2000); Usoskin et al. (2005)). However,
the intensity of the galactic cosmic rays was indirectly inferred by these detectors measuring the nucleons produced
by the nuclear cascade generated by cosmic rays interacting with the atmosphere. The PAMELA (Payload for An-
timatter/Matter Exploration and Light-nuclei Astrophysics) space-borne experiment (Picozza 2007; Boezio 2009)
provided direct measurements of the cosmic ray energy spectra and composition. The apparatus collected data from
July 2006 to January 2016, covering the most recent solar activity period, between cycle 23rd and the current cycle
24th. Measurements of the proton differential energy spectra provided by the PAMELA instrument during the most
recent solar minimum (from mid-2006 to the end of 2009) in the energy range from 80 MeV to 50 GeV, have already
been published (Adriani et al. 2013). The evolution of the low energy galactic proton spectra on a solar-rotation-time
basis (Carrington rotation1) was presented, providing the first measurements of the changing solar modulation over a
wide energy range and for a very quiet solar minimum. This period showed an extraordinary quiet heliosphere and
unusually prolonged minimum. It was expected that the new solar cycle would begin early in 2008, instead minimum
modulation conditions continued until the end of 2009. As a consequence, the highest low energy proton intensities
since the beginning of the space age was registered during December 2009 (e.g. see Mewaldt et al. (2010)), which was
unexpected given the solar magnetic field polarity epoch at that time (e.g. see Potgieter et al. (2013); Strauss &
Potgieter (2014b)). Results of a state-of-the-art full three dimensional (3D) model (Potgieter et al. 2014) was used to
reproduce the PAMELA observational data. This model was based on the solution of the Parker transport equation,
taking into account all the physical processes involved in solar modulation and simulating the solar minimum condi-
tions of the 23/24 cycles (Potgieter et al. 2014; Vos & Potgieter 2015). Similar studies were conducted on the effects of
solar modulation on cosmic ray electrons (Adriani et al. 2015a; Potgieter et al. 2015) from which the dependence of the
solar modulation on a particle’s charge sign was observed (Di Felice et al. 2017). Following this extraordinarily deep
minimum, the subsequent increase in the solar activity appeared remarkably weak in terms of e.g. sunspot number,
solar wind speed and number of solar events (Schroder et al. 2017; Aslam et al. 2015; Jiang et al. 2015). According
to various solar activity data, the maximum of cycle 24th occurred in early 2014, with an estimated changing in the
global axial dipole sign taking place in October 2013, while northern and southern polar fields reversing in November
2012 and March 2014, respectively (Sun et al. 2017).
The results presented in this paper refer to the evolution of the proton intensity from the end of the last solar
minimum (January 2010) until the maximum of cycle 24th (February 2014). The evolution of the low energy proton
spectrum was studied on a solar rotation period basis, similarly to the previous publication (Adriani et al. 2013).
In the following, a brief description of the mission and details about the data analysis will be presented. Results
on the proton flux measurements from 2010 to 2014 in the energy range from 80 MeV - 50 GeV are then presented,
compared with the results of the mentioned 3D numerical model simulating the same heliospheric condition of the
data-taking period, and discussed in the framework of a solar modulation theory.
INSTRUMENT AND DATA ANALYSIS
After its launch, on June 15, 2006 the PAMELA experiment had been almost continuously taking data until January
2016. The experiment was located on board the Resurs-DK1 Russian satellite placed by a Soyuz rocket at a highly
1 Mean synodic rotational period of the Sun surface, corresponding to about 27.28 days, see Carrington (1863).
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inclined (70◦) elliptical orbit between 350 km and 600 km height, changed into a circular one of 580 km in September
2010. The satellite quasi-polar orbit allowed the PAMELA instrument to sample low cutoff-rigidity orbital regions
for a considerable amount of time, making it suitable for low energy particle studies. The apparatus consisted of a
combination of detectors that provided information for particle identification and precise energy measurements. These
detectors were (from top to bottom): a Time-of-Flight system; a magnetic spectrometer; an anti-coincidence system;
an electromagnetic imaging calorimeter; a shower tail catcher scintillator and a neutron detector. Detailed information
about the instrument can be found in (Picozza 2007; Adriani et al. 2014, 2017).
The proton fluxes were evaluated on a Carrington rotation basis according to the official listing (http://umtof.umd.
edu/pm/crn/). No isotopic separation (proton/deuterium) was performed in this analysis. The present analysis spans
the period between Carrington rotation 2092 and 2146 (January 2010 - February 2014). Most of these observations
took place during a high solar activity period characterized by numerous solar events even if it should be recalled
that solar cycle 24 is considerably less active than the three preceding cycles (e.g. see Schroder et al. (2017)). A
significant fraction of these events produced high energy particles (mostly protons and Helium nuclei with energies up
to a few GeV). This particles reached the Earth orbit and were indistinguishable from the GCR component collected
by the PAMELA instrument. For a proper study of the solar modulation of GCRs this solar component had to be
excluded. The approach used in this work was to remove the periods in which this contamination was present. Data
were excluded for the duration of the solar event using the information recorded by the low energy (> 60 MeV)
proton channel of GOES-15 (ftp://satdat.ngdc.noaa.gov/sem/goes/data/). Solar events have been studied by
the PAMELA experiment and have been the topic of other publications (e.g. see Adriani et al. (2015b)). Also the
periods of Forbush decreases2 observed by the PAMELA instrument (e.g. Munini et al. (2017)) were excluded from
the analysis.
The analysis procedure used in this work was similar to the one applied to the proton data over the solar minimum
period presented and discussed in Adriani et al. (2013). The fluxes were evaluated as follows:
φ(E) =
N(E)
(E)×G(E)× T ×∆E (1)
where N(E) is the unfolded count distribution, (E) the efficiencies of the particle selections, G(E) the geometrical
factor, T the live-time and ∆E the width of the energy interval.
The large proton statistics permitted the study of the selection efficiencies in-flight for each Carrington rotation. This
was particularly relevant for the time dependent track reconstruction efficiency, which varied from ∼20% in December
2009 to ∼15% at the beginning of 2014, because of the sudden failure of some front-end chips of the tracking system
(see Adriani et al. (2015a)). This experimental information was combined with Monte Carlo simulation (performed
with GEANT4 (Agostinelli et al. 2003)) to properly reproduce the in-flight setup configuration as describe in (Adriani
et al. 2011, 2015a).
The geometrical factor, i.e. the requirement of triggering and containment, at least 1.5 mm away from the magnet
walls and the TOF-scintillator edges, was estimated with the full simulation of the apparatus and was found to be
constant at 19.9 cm2 sr. The live time was provided by an on-board clock that timed the periods during which the
apparatus was waiting for a trigger.
Both the response of the spectrometer (i.e. the rigidity resolution) and the ionization energy losses suffered by the
protons crossing the detector caused a migration of proton events from one energy bin to another. To account for
these effects and obtain the unfolded count distribution a Bayesian unfolding procedure, as described in D’Agostini
(1995), was applied (see also Adriani et al. (2015a) and Munini (2015)). The detector response matrix was obtained
from the simulation and calculated over each Carrington rotation to follow any change in the instrumental setup.
Because of the numerous geomagnetic regions crossed by the satellite over its ∼92-minutes orbit, the proton energy
spectrum was evaluated for sixteen different vertical geomagnetic cutoff intervals, estimated using the satellite position
and the Sto¨rmer approximation. The updated (2010) version of the IGRF (https://www.ngdc.noaa.gov/IAGA/vmod/
igrf.html) was used. The final fluxes were then evaluated following the approach described in Adriani et al. (2015a).
It was observed that the high energy part of the resulting spectra had a systematic time dependence beyond statistical
uncertainties with the fluxes varying of several percent between 2010 and 2014. This was corrected following the
2 A decrease of the galactic cosmic ray intensity observed in the Earth vicinity over a period of several days caused by transient solar
phenomena such as interplanetary coronal mass ejections.
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procedure adopted in Adriani et al. (2013): the fluxes were normalized at high energy (30-50 GeV) to the proton flux
measured over the period July 2006 - March 2008 (i.e. the proton spectrum of Adriani et al. (2011) lowered by 3.2%
as explained in Adriani et al. (2013)). The uncertainties on these normalization factors, of the order of one percent,
were treated as a systematic uncertainty.
Other systematic uncertainties were due to the efficiencies evaluation and the unfolding procedure as discussed in
Adriani et al. (2013); Munini (2015); Adriani et al. (2015a). The total systematic uncertainty shown in Figures 1 and
2 and in Table 1 was obtained quadratically summing the various systematic errors. This systematic uncertainty was
about 8% over the whole energy range and time period.
Figure 1 (top panel a) shows the comparison of the proton fluxes measured during Carrington rotation 2091 (De-
cember 7, 2009 - January 3, 2010) obtained in this analysis with the corresponding ones from Adriani et al. (2013).
As can be seen from the constant fit performed on the ratio (statistical errors only) between the two results (top panel
b), there is an excellent agreement (≈ 1%) over the whole energy range. A similar agreement, Figure 1 bottom panel
a, is also found comparing the PAMELA fluxes averaged over the period from May 19, 2011 to November 26, 2013
with the corresponding AMS-02 proton fluxes (Aguilar et al. 2015) taken over the same time period. Bottom panel
b shows the ratio between the two measurements along with a constant fit to the data performed above 2 GV. An
excellent agreement can be seen at these rigidities. At lower rigidities the PAMELA proton fluxes are systematically
higher by about 10%. This discrepancy could be due to differences in data exclusion periods during solar events and
Forbush decreases that have major effects below 2 GV.
RESULTS
A total of 36 proton energy spectra were obtained from the minimum to the maximum activity of solar cycle 24.
Data from the Carrington rotations number 2095 to the 2102 are missing because of a system shut-down for satellite
maintenance operations. Moreover, the Carrington rotations number 2113, 2115, 2121, 2123, 2125, 2126, 2135, 2136,
2137, 2143, 2145 are also missing because of the presence of solar energetic particles as previous explained.
Figure 2 (panels a,b,c) shows the time profiles of the proton fluxes for three illustrative energy intervals along
with the HCS tilt angle data obtained with radial boundary conditions taken from Wilcox Solar Observatory at
http://wso.stanford.edu/. 3 (panel d). The red shaded areas represent the systematic uncertainties while the error
bars represent the statistical errors. Starting from late 2009, the tilt angle rapidly increased from low values typical
for a period of solar minimum activity reaching its maximum value in mid 2012. During this time period the proton
fluxes between 0.08-0.095 GeV and between 0.67-0.72 GeV showed a sharp decrease of about a factor 4 and about 2.5
respectively, Figure 2 panels a and b. These large values of the tilt angle had basically been maintained, except for a
few relatively short periods of decreased values, until the end of 2013. After this period, the tilt angle has decreased
systematically, indicating that solar modulation has turned around to enter a new solar minimum epoch. The proton
flux after mid 2012 continued to decrease until February 2014 when it reached its minimum intensity. In this time
window the fluxes between 0.08-0.095 GeV and between 0.67-0.72 GeV decreased by about a factor 2.2 and by about
a factor 1.4 respectively, Figure 2 panels a and b. As expected between 36.7-40 GeV, Figure 2 panel c, the proton flux
is constant with time.
Figure 3 (left panel) shows the totality of the proton fluxes evaluated from January 3, 2010 (blue data points) until
February 11, 2014 (red data points) on a Carringoton rotation basis. The right panel of Figure 3 shows the variation
of the proton intensities with respect to the first Carrington rotation of 2010. The energy dependence of the solar
modulation is particularly evident from this figure: the low energy protons are the most affected with a decrease
of nearly a factor 10 from the minimum to the maximum solar activity while above ∼ 30 GV the proton fluxes do
not show any temporal variation within the measurement uncertainties. Table 1 presents the galactic proton spectra
measured by the PAMELA experiment over four time periods. These data illustrate how the proton spectra evolved
from early 2010 to early 2014. The complete data set can be found at the ASI Space Science Data Center, where all
the proton energy spectra are retrievable from the Cosmic Ray Data Base (http://tools.asdc.asi.it/CosmicRays/
chargedCosmicRays.jsp).
DATA INTERPRETATION AND DISCUSSION
3 The tilt angle (Hoeksema 1992) represents the misalignment of the magnetic dipole axis of the Sun with respect to the solar rotational
axis and is one of the best proxies for charged particles in cosmic rays because its time variations are related globally to the solar magnetic
field.
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Figure 1. Top panel: the proton fluxes measured during the Carrington rotation 2091 (December 7, 2009 - January 3, 2010)
obtained in this analysis (red circles) and the corresponding one obtained in a previous work (Adriani et al. 2013), (black
squares). The error bars are statistical and the shaded area represents the quadratic sum of all systematic uncertainties. The
ratio between the two results is shown in panel b as well as the value obtained from a constant fit (dashed black line) performed
on this ratio. Errors are statistical only. Bottom panel: the PAMELA fluxes averaged over the period from May 19, 2011 to
November 26 2013 compared with concurrent AMS-02 measurement (Aguilar et al. 2015) (panel a). Panel b shows the ratio
between the two measurements. P0 is the result of a linear fit on this flux ratio above 2 GV. Only statistical errors are showed.
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Figure 2. The time profile of the proton flux for three energy intervals: 0.08-0.095 GeV (panel a), 0.67-0.72 GeV (panel b) and
36.7-40 GeV (panel c) along with the time profile of the tilt angle obtained with radial boundary conditions taken from Wilcox
Solar Observatory at http://wso.stanford.edu/ (panel d). The error bars indicate the statistical errors while the shaded area
the systematic uncertainties.
As shown in Figure 3 left panel the observed spectra became progressively harder with increasing solar activity as
fewer low energy protons were able to reach the Earth. The spectral peaks (turning point in the value of the maximum
flux of each spectrum) consequently shifted systematically to higher energy values. From 2010 to 2014 the kinetic
energy value of the peak shifted from about 350 MeV to 700 MeV. The adiabatic energy loss signature (spectral shape
below the turn-energy proportional to E) became therefore more evident with solar maximum spectra. This confirms
that adiabatic energy losses for protons (and GCR nuclei) are a significantly important part of the solar modulation
process in the heliosphere (see also Potgieter & Vos (2017)).
In Figure 4 the PAMELA proton spectra measured in January 2010 and in early 2014 are overlaid with the corre-
sponding computed spectra. A full 3D numerical model based on solving Parkers transport equation (Parker 1965)
with the so-called stochastic differential equation approach was used to compute the proton differential intensity at
Earth. This modeling approach and its validation against proton observations from PAMELA for the period 2006 to
2009 was published in detail by Raath et al. (2016). For a description of a global approach to the modeling of GCRs
in the heliosphere, see also Potgieter (2017).
The assumed LIS for protons is chosen according to Vos & Potgieter (2015). The modulation volume is assumed to
be spherical with the heliopause (HP) position at 122 AU. The HP is considered to be the outer modulation boundary.
For the period 2010 to 2014, changes in the heliospheric current sheet’s tilt angle, as shown in Figure 2 panel d, are
incorporated into the model together with corresponding changes in the magnitude of the solar magnetic field B as
observed at the Earth. These values were averaged for at least the previous 12 months as representation of estimated
modulation conditions in the heliosphere for the prior year. This is based on the average time it takes for the frozen-in
magnetic field and tilt angles to propagate from the Sun to the HP, being carried outward at the average speed of
the solar wind. These averaged values therefore represent a proxy for the global modulation conditions that prevailed
8 M. Martucci et al.
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Figure 3. Left panel: the evolution of the proton spectra from the minimum to the maximum activity of solar cycle 24, from
January 2010 (blue), to February 2014 (red). Right panel: the variation of the proton differential intensity with respect to the
first proton spectrum of 2010.
throughout the heliosphere for the time periods considered here. The three diffusion coefficients in this 3D approach
are parallel and perpendicular, in the radial and polar directions, to the global magnetic field, and are assumed to
scale as 1/B, which is the most straight forward approach from a diffusion theory point of view. This follows the basic
modelling approach described also by Potgieter et al. (2015). The drift coefficient scales also as 1/B, assuming weak
scattering as explained by Ngoben & Potgieter (2015).
These computed spectra for 2010 and 2014 are shown in Figure 4 together with the corresponding observations.
Evidently, the model reproduces the features of the two spectra well over this wide energy range, in particular the
intensity values where the spectra peak and how this peak shifts to higher energies while the spectrum decreases with
increased modulation. Reproducing the 2010 spectrum (during an A<0 magnetic polarity cycle4) required relatively
minor changes to the modulation parameters used by Raath et al. (2016). However, in order to reproduce the 2014
spectrum (during an A>0 magnetic polarity cycle), with the amount of modulation additionally occurring as shown in
Figure 3, the diffusion coefficients had to be decreased by a factor of 2 with respect to the 2010 values. Simultaneously,
the drift coefficient had to be reduced to only 10% of the solar minimum value. This illustrates that reproducing
the total amount of modulation occurring from maximum GCR intensity in early 2010 to minimum intensity in
2014 requires about a factor of 2 increase in the effectiveness of diffusion while drifts had to be significantly reduced,
otherwise the intensity levels would have remained far too high with increasing solar modulation for this A>0 magnetic
cycle.
CONCLUSION
The observations presented here illustrate the total modulation that had occurred from minimum modulation (highest
intensity) of GCRs to maximum modulation (lowest intensity) under a relatively quiet Sun and subsequently also the
heliosphere. This provides a unique opportunity to study the modulation of GCRs under such extraordinary conditions.
In particular, combined with the observed electron to positron ratios reported by PAMELA in Adriani et al. (2016),
it provides information useful to understand how diffusion and drifts effects vary with time and energy.
4 In the Sun magnetic field the dipole term nearly always dominates the magnetic field of the solar wind. A is defined as the projection
of this dipole on the solar rotation axis.
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